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Edited by Gianni CesareniAbstract Escherichia coli YicI, a member of glycoside hydro-
lase family (GH) 31, is an a-xylosidase, although its amino-acid
sequence displays approximately 30% identity with a-glucosi-
dases. By comparing the amino-acid sequence of GH 31 enzymes
and through structural comparison of the (b/a)8 barrels of GH 27
and GH 31 enzymes, the amino acids Phe277, Cys307, Phe308,
Trp345, Lys414, and bﬁ a loop 1 of (b/a)8 barrel of YicI have
been identiﬁed as elements that might be important for YicI
substrate speciﬁcity. In attempt to convert YicI into an a-gluco-
sidase these elements have been targeted by site-directed muta-
genesis. Two mutated YicI, short loop1-enzyme and C307I/
F308D, showed higher a-glucosidase activity than wild-type
YicI. C307I/F308D, which lost a-xylosidase activity, was
converted into a-glucosidase.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Glycoside hydrolase family 31 (GH 31) consists of a-gluco-
sidase (EC 3.2.1.20), a-xylosidase (EC 3.2.1.-), a-glucan lyase
(EC 4.2.1.13), and isomaltosyltransferase (EC 2.4.1.-) [1–4].
The catalytic residues and reaction mechanism via double dis-
placement are generally accepted as being conserved in this
family except a-glucan lyase, the deglycosylation step of which
involves elimination instead of displacement [5–8]. a-Xylosi-
dase catalyzes the release of a-xylose from the non-reducing
terminal side of a-xyloside substrate. The enzyme degrades
the xyloglucan oligosaccharides by acting with cellulase and
b-glucosidase [9,10]. Escherichia coli YicI (a-xylosidase) shows
high levels of activity against a-xylosyl ﬂuoride, isoprimeve-
rose [a-D-Xylp-(1ﬁ 6)-D-Glcp], and a-xyloside in xyloglucan
oligosaccharides, but little hydrolytic activity against a-gluco-
sidic linkages [10,11], although its amino acid sequence shows
approximately 30% identity with a-glucosidases, which hydro-Abbreviations: GH, glycoside hydrolase family; pNP, p-nitrophenyl;
PCR, polymerase chain reaction; L1Chi, chimeric YicI constructed
by replacement of loop 1 with that of a-glucosidase; RGAL, rice
a-galactosidase; 5FXyl, 5-ﬂuoroxylosyl residue
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doi:10.1016/j.febslet.2006.04.025lyze the non-reducing terminal a-glucoside unit of substrate to
release a-glucose. There have been no previous studies of the
key residues that determine the substrate speciﬁcity of GH
31 enzymes. The present study was performed to elucidate
the structural elements involved in the control of substrate rec-
ognition of a-xylosidase and a-glucosidase.
The three-dimensional structure of a GH 31 enzyme has only
been solved for YicI, the catalytic domain of which shows a
modiﬁed (b/a)8 barrel fold [11]. Many carbohydrate hydrolases
and transglycosidases possess a (b/a)8 barrel as the catalytic
domain. A search through the carbohydrate-active enzymes
(CAZy) database [1–4] (http://afmb.cnrs-mrs.fr/CAZY/) indi-
cated that 24 families have this structure. Among the a-retain-
ing enzymes, GH 13, 27, 31, 36, 70, and 77 have the (b/a)8
barrel structure. Before the 3-D structures of GH 31, 36, and
66 were solved, Rigden predicted that the structures of GH
13, 27, 31, 36, and 66 would be similar and that they would
share a common evolutionary origin [12]. In the present study,
we compared the structures of the catalytic domains of GH 31
and GH 27 and our results indicated that some crucial residues
are also conserved spatially among these enzymes.
Here, we describe six site-directed mutant enzymes of YicI,
substituted with a-glucosidase-like sequences. The target resi-
dues for mutation were decided by multiple alignments of
GH 31 enzymes as well as by comparison with the catalytic do-
main structure of rice a-galactosidase (RGAL), GH 27 enzyme
[13]. a-Xylosidase and a-glucosidase activities of six mutant
enzymes were analyzed. Two mutant derivatives of YicI,
L1Chi [possessing a short loop 1 next to b-strand 1 of the
(b/a)8 barrel domain] and C307I/F308D, showed a-glucosidase
activity. Furthermore, C307I/F308D was devoid of a-xylosi-
dase activity. This is the ﬁrst report of conversion of an a-
xylosidase into an a-glucosidase.2. Materials and methods
2.1. Production of mutant enzymes
The yicI-pTrc99A plasmid was used for production of wild-type
YicI [10]. E. coli JWK3631 (DyicI; a kind gift from Prof. Hirotada
Mori, Nara Institute of Science and Technology, Japan) was used as
the host. Site-directed mutagenesis was performed by the megaprimer
polymerase chain reaction (PCR) method using the following primers
(mutated codons are shown in bold): 5 0-ATAGGGGTTAATAAT-
GACGCAGATTTT-3 0 for W345I (antisense); 5 0-GCCAAAGTCGG-
TCCAAAAGCAATCAAC-3 0 for K414W (antisense); 5 0-GTAGTT-
GGTGGTATATGAAGTGGTTAG-3 0 for F277Y (antisense);
5 0-TTTCATCCAGAAAATGTCAAAGTGGAA-30 for C307I (anti-
sense); 5 0-TTCCACTTTGACATCGACTGGATGAAAGCC for
C307I/F308D (sense). For construction of L1Chi (loop 1 chimericblished by Elsevier B.V. All rights reserved.
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CCCTCGAGGTCCGGTCATGAAAATTAGC-3 0) (sense, covering
the 5 0-terminal of yicI; RcaI restriction site underlined) and L1as
(5 0-GGCGATGGTACCCGAAGGACCACGCGGGCGGCAG-3 0)
(antisense, KpnI site underlined); and (ii) L1s (5 0-
GCGGGGTACCATCAATGTAGATGGGGTTACGACGAAGCG-
ACGGTAAAC-3 0) (sense, encoding short loop 1 shown in bold; KpnI
site underlined) and P2 (5 0-GACTCGAGCGTAATTGTCAGCTC-
ATT-30) (antisense, covering 3 0-terminal of yicI; XhoI site underlined).
Next, two DNA fragments ampliﬁed with primer sets (i) and (ii) were
double-digested with RcaI and KpnI and with KpnI and XhoI, respec-
tively, and then ligated into His6-pTrc99A [10], which had previously
been digested with NcoI and XhoI. The generated plasmid encoded
L1Chi with the His6 sequence in its C-terminal end. PCR was per-
formed using KOD-plus DNA polymerase (Toyobo Biochem, Tokyo,
Japan). The recombinant proteins (wild-type, W345I, K414W, F277Y,
C307I, and C307I/F308D) were produced and puriﬁed as described
[10]. L1Chi was isolated using Ni-chelating Sepharose Fast Flow
(Amersham Biosciences AB, Cardiﬀ, UK) according to the manufac-
turer’s protocol. Protein concentration was measured as described [10].
2.2. Enzyme activity assay
Hydrolytic rates on various substrates (4 mM) were performed as
described [10], where the protein concentrations were in the range
2.0–12.8 lM for enzyme variants. The kinetic constants for isoprim-
everose were calculated using the computer program KaleidaGraph
ver. 3.6 (Synergy Software, Reading, PA), in which initial velocities
were measured under various substrate concentrations (1, 2, 4, 6, 8,
10, 12, and 16 mM) in 40 mM sodium phosphate buﬀer (pH 7.0) at
37 C using 0.57 lM F277Y and 4.0 lM C307I.3. Results and discussion
3.1. Selection of target residues in YicI
To select the key residues to convert YicI into a-glucosidase,
we focused on the crystal structure of YicI bound to the 5-ﬂu-
oroxylosyl residue (5FXyl) [11], which occupied subsite 1.
The following residues were present in the vicinity of 5FXyl:
Phe277, Asp306, Cys307, Trp345, Trp380, Lys414, Asp416,Fig. 1. Stereo views of amino acid residues close to the 5-ﬂuoroxylosyl resi
Asp416 and Asp482 are catalytic nucleophile and acid/base residues, respect
(Accession No. 1XSK). The ﬁgures were made using The PyMOL MoleculaArg466, Trp479, Asp482, Phe515, and His540 (Fig. 1), mean-
ing that some were candidates for converting YicI into a-glu-
cosidase. Asp416 and Asp482 are nucleophile and acid/base
catalyst residues, respectively. Asp306, Trp380, Arg466,
Trp479, Phe515, and His540 were widely conserved among
the GH 31 enzymes and made contact with the oxygen atom
of the sugar or formed a hydrophobic environment of the ac-
tive pocket. Therefore, the eight amino acid residues men-
tioned above would not be the key elements in conversion of
YicI into a-glucosidase. Phe277, Cys307 Trp345, and Lys414
were not conserved and substituted in a-glucosidase as follows:
Phe277ﬁ Tyr or Trp, Cys307ﬁ Ile, Trp345ﬁ Ile or Met,
and Lys414ﬁ Trp (Fig. 2). Multiple alignments also showed
that loop 1 [between b-strand 1 and a-helix 1 of the (b/a)8 bar-
rel], which covered the active pocket, possessed three amino
acid residues longer than a-glucosidases (Fig. 2). Therefore,
replacement of Phe277 by Tyr (F277Y), Cys307 by Ile
(C307I), Trp345 by Ile (W345I), Lys414 by Trp (K414W),
and loop 1 of a-xylosidase by that of a-glucosidase (L1Chi)
may inﬂuence the substrate recognition of YicI.
The sole diﬀerence between a-xyloside and a-glucoside moi-
eties is a hydroxymethyl group (C6) in a-glucoside. YicI may
be devoid of the structure to recognize C6. To date, no struc-
ture of GH 31 a-glucosidase has yet been solved. The lack of
information prevents determination of the structure to ﬁx
C6. We compared the 3-D structures of YicI and RGAL
(PDB ID, 1UAS; belonging to GH 27 [13]) to model the struc-
ture around C6 of a-glucoside, since Rigden reported that cat-
alytic domains of GH 31 and 27 have similar structures [12]. A
pairwise 3-D alignment using DaliLite [14] (http://www.ebi.a-
c.uk/DaliLite/) revealed close resemblance between the (b/a)8
barrel structure of YicI and that of RGAL (Z-score 16.7 for
229 aligned residues). Superposition of the barrel gave a root
mean square deviation of 3 A˚ for 229 Ca positions (Fig. 3A).
Moreover, catalytic nucleophile and acid/base residuesdue (5FXyl). The residues mutated in this study are shown in yellow.
ively. The structure of YicI was obtained from the Protein Data Bank
r Graphics System version 0.98 (http://www.pymol.org).
Fig. 3. Stereo views of Ca superposition of the (b/a)8 barrel structure (A) and important active site residues (B) of YicI (bold, 1XSK) and RGAL
(regular, 1UAS). These ﬁgures were drawn using the PyMol. The residues of RGAL in (B) are indicated in regular characters.
Fig. 2. Partial amino acid sequence alignment of a-xylosidase and a-glucosidase belonging to GH 31. UniprotKB/TrEMBLE accession number of a-
xylosidase and a-glucosidase are shown on the left. O43451 and P14410 are maltase–glucoamylase complex and sucrase–isomaltase complex,
respectively, where components of each complex are indicated by alternative terms: O43451M (maltase), O43451G (glucoamylase), P14410S (sucrase)
and P14410I (isomaltase). Catalytic nucleophile residues are shown in bold. Asterisks (*) and colons (:) indicate conserved and mutated residues,
respectively.
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which were on the bﬁ a loops 4 and 6, respectively, were
spatially aligned (Fig. 3B). Asp306 and Lys414 (YicI), which
provided side chains interacting with OH-4 and OH-3 of the
non-reducing terminal xylose of the substrate, also overlapped
with Asp51 and Lys128 (RGAL), respectively (Fig. 3B). These
structural similarities, coupled with the function of RGAL cat-
alyzing exo-hydrolysis by retaining mechanism, indicated that
GH 31 and 27 were classiﬁed into the same superfamily and
that the environment around C6 of a-glucoside of GH 31 a-
glucosidase should be similar to that of GH 27 enzyme. In
the crystal structure of the RGAL/galactose complex, Asp52
of RGAL at the rim of b-strand 2, which were completely con-
served in GH 27, had a hydrogen bond to the O6 atom of
galactose [13]; thus, we predicted that GH 31 a-glucosidase
also ﬁxed OH-6 by the acidic residue at b-strand 2. Barley high
pI a-glucosidase (GH 31 enzyme) captured OH-6 0 of maltose
by hydrogen bond formation with a charged amino acid [15],
supporting our prediction. From the structural alignment,
Asp52 of RGAL overlapped with Cys307 of YicI (Fig. 3B).
However, multiple alignments around b-strand 2 in GH 31 en-
zymes showed that Asp residues were conserved in all a-gluco-
sidases at the position corresponding to Phe308 in YicI
(Fig. 2), and this Asp seemed to ﬁx OH-6 of a-glucoside by
hydrogen bonding, similar to Asp52 in RGAL. Therefore,
replacement of Phe308 by Asp may convert YicI into a-gluco-
sidase. However, Phe308 in YicI seemed to be slightly too far
from the active pocket (Fig. 1 and 3B). We focused on Cys307,
which was adjacent to Phe308. Reets et al. reported that
replacement of two amino acid residues, which were spatially
adjacent to one another, allowed for the potential synergistic
conformational eﬀect [16]. The equivalent of Cys307 next to
Phe308 was Ile in a-glucosidase (Fig. 2). Therefore, we con-
structed the double-mutant enzyme C307I/F308D. Side-chain
orientation of the Asp308 near Ile307 would be diﬀerent from
that of the Asp308/Cys307 pair. The spatial positions of
mutated residues in this study are shown in Fig. 1.
3.2. Substrate speciﬁcity of mutant enzymes
The hydrolytic rates of the mutant enzymes toward a-xylo-
side and a-glucoside were examined (Table 1). The isoprimeve-
rose-hydrolyzing activities of F277Y, C307I, W345I, and
K414W were reduced by 20-, 400-, 16000-, and 12000-fold,
respectively. a-Glucosidase activity was not detected in
F277Y, C307I, W345I, or K414W. The Km and kcat/Km values
for isoprimeverose hydrolysis by F277Y and C307I, which hadTable 1
Hydrolytic rates of substrates by wild-type and mutant enzymes at pH 7.0 a
Isoprimeverose
[a-D-Xylp-
(1ﬁ 6)-D-Glcp]
pNP
a-xyloside
Maltose Maltotriose Is
Wild-type 20500 18.7 0.208 - 2
F277Y 1040 - - - -
C307I 49.5 - - - -
W345I 1.26 - - - -
K414W 1.92 - - - -
L1Chi 5.45 1.97 2.0 3.1 3
C307I/F308D - - 25 29 21
Hydrolytic rate (nmol min1 mg protein1) was estimated by p-nitrophenol or
4 mM substrate. Reaction product below the level of sensitivity of the assay [
previous paper [10]. Experimental error for each datum was less than 1%.relatively high a-xylosidase activities, were measured: Km and
kcat/Km, 3.94 ± 0.05 mM and 0.80 s
1 mM1 (F277Y);
9.6 ± 0.35 mM and 0.021 s1 mM1 (C307I), respectively
(wild-type; Km = 0.55 ± 0.04, kcat/Km = 93.3 s
1 mM1).
D(DG) of the binding energies of the transition state between
wild-type and mutant YicI, calculated from kcat/Km by the re-
ported method [17], were 12.0 (F277Y) and 21.6 kJ mol1
(C307I), respectively. F277Y and C307I showed severe reduc-
tion of ground- and transition-state stabilities for isoprimeve-
rose hydrolysis in F277Y and C307I. In the crystal structure
of 5FXyl-YicI, Phe277, Cys307, and Trp345 formed a hydro-
phobic environment around the 5-ﬂuoro group [11]. The strik-
ing inactivation with mutation of Trp345 and deterioration of
kinetic constants of F277Y and C307I indicated that Trp345,
Phe277, and Cys307 play important roles in catalytic activity
through hydrophobic interactions. Lys414 contributed to the
stability of the intermediate by hydrogen bonding with OH-3
of xyloside in the crystal structure [11]. Our site-directed muta-
genesis study provides direct support that this residue is
important for stabilization of the transition-state of the a-xylo-
syl substrate, as the activity of K414W was decreased
signiﬁcantly. As mentioned above, Trp is conserved in a-gluco-
sidase instead of Lys. N-e of the Trp residue may form a
hydrogen bond with OH-3 of a-glucoside. It is generally
accepted that an indole ring of Trp ﬁxes the hydrophobic
face of the sugar ring by a stacking eﬀect, and this stacking
eﬀect that a-xylosidase does not have may occur in a-glucosi-
dase.
We found that L1Chi and C307I/F308D catalyzed the a-glu-
cosidase reaction (Table 1). L1Chi and C307I/F308D showed
140-fold higher hydrolytic activity against p-nitrophenyl
(pNP) a-glucopyranoside than wild-type YicI. Furthermore,
the C307I/F308D mutant was able to hydrolyze nigerose [a-
D-Glcp-(1ﬁ 3)-D-Glcp] and kojibiose [a-D-Glcp-(1ﬁ 2)-D-
Glcp], which were not hydrolyzed by the wild-type enzyme.
Interestingly, the isoprimeverose-hydrolyzing activity of the
L1Chi mutant was decreased by about 3700-fold, and that of
C307I/F308D was diminished to below the limits of detection.
The long loop 1 and hydrophobic environment formed by the
residues at the end of b-strand 2 should be important for a-
xylosidase activity. In the crystal structure, loop 1 of YicI,
which is three residues longer than a-glucosidases, seemed to
prevent the extra C6 of glucose due to steric hindrance [11].
The mutation, making loop 1 short, could allow C6 to ap-
proach the active pocket. Loop 1 presumably has ﬂexibility
to accept the a-glucoside moiety since wild-type YicI obviouslynd 37 C
omaltose Nigerose
[a-D-Glcp-
(1ﬁ 3) -D-Glcp]
Kojibiose
[a-D-Glcp-
(1ﬁ 2) -D-Glcp]
pNP a-glucoside
.77 - - 0.213
- - -
- - -
- - -
- - -
.27 - - 29.5
.4 40.2 30.9 28.2
glucose (for glucobiose, glucose from non-reducing side) released from
10] is indicated by hyphens (-). Data for wild-type enzyme are from our
M. Okuyama et al. / FEBS Letters 580 (2006) 2707–2711 2711possesses weak a-glucosidase activity [10,11]. The substrate
speciﬁcity of C307I/F308D changed from a-xylosidase into
a-glucosidase although C307I did not have a-glucosidase
activity. These ﬁndings suggest that Asp308 of the double-mu-
tant enzyme contributes to stabilization of the transition state
of a-glucoside by assistance of Ile307 adjusting the orientation
of Asp308 to OH-6. In addition, the conserved Asp on b-
strand 2 in GH 31 a-glucosidase (equivalent Asp330 of
Q9LLY2, barley high pI a-glucosidase; Fig. 2) may make a
contribution to ﬁxing OH-6.
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